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T-MATS Description

« Toolbox for the Modeling and Analysis of Thermodynamic
systems, T-MATS
— Modular thermodynamic modeling framework

— Designed for easy creation of custom Component Level Models
(CLM)
— Built in MATLAB®/Simulink®

« Package highlights

— General thermodynamic simulation design framework
— Variable input system solvers
— Advanced turbo-machinery block sets
— Control system block sets
* Development being led by NASA Glenn Research Center

— Non-proprietary, free of export restrictions, and open source
« Open collaboration environment
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Background

« Thermodynamic simulation examples

Model Type Examples

Steady-State Gas turbine cycle model
(system convergence may be

required) * e.g., performance models

Dynamic with Quasi-steady-state Gas turbine model with spool
variables (multi-iteration simulation; | dynamics only. (real time running
time and system convergence) capability)

* e.g., control models

Fully Defined Dynamic Simulation | Dynamic gas turbine model with spool
(iteration over time) and volume dynamics (typically runs
more slowly)

* e.g., near stall performance models
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Background: Industry Study

Package User Flexibility* | Export Source Dynamic | Control | Cost
Friendly* Restricted | code System
available
C-MAPSS40K, High Low Yes Yes Yes Yes MATLAB
NASA
Matlab: Thermlib High Medium No No Yes No MATLAB
toolbox, Eutech + $4900
Cantera, Open Low High No Yes No No None
source
Gas Turbine Medium Medium No No Yes Yes $4,000
Simulation Program
(GSP), NRL
GasTurb, Nrec Medium Low No No Yes Yes $1340
T-MATS, NASA High High No Yes Yes Yes MATLAB
Definitions: 1* User Friendly, Controls Perspective 2* Flexibility

Low : Code based Low : Plant configuration set

Med: Model based Med: Object oriented, objects difficult to update

High: Model based with package implemented in a High: Object oriented, objects easily adaptable by user

platform that is an industry standard
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T-MATS Framework

« T-MATS is a plug-in for a MATLAB/Simulink platform
— additional blocks in the Simulink Library Browser:

'b'i Simulink Library Browser =0 S [é]

Eile Edit View Help
@ E »»  Enter search term - “ @{ Added Slmullnk

Libraries Library: T-MATS | Search Results: (none) Mos=t Frequen 4 I|» Thermodynamic modeling
System ldentifica.. — — Tl Numerical . :

SN Tats | i contals 1 Methods and numerical solvmg

- Effectors and Co...

- Numerical Methods [

- Solver |ﬂ

“Turbomachinery =
Showing: T-MATS

functionality

\ }"’b Solver Turbomachinery

— additional diagram tools for model development in Simulink:

Block Parameters

Properties... | .

e T e Faster and easier
iDesign ON model creation
iDesign_Off
Block Link Setup Alt+L
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Dynamic Simulation Example:

— Multi-loop structure
« The “outer” loop (green) iterates in the time domain

— Not required for steady-state models
* The “inner” loop (blue) solves for plant convergence during each time step

Quter Loop
Effectors

Iteration over time, t

yit)

T-MATS Framework

Outputs

Inner Loop
Plant

Iteration
Condition _

X ilin+1)

o)

Do While

Simulink Block

Iterations

:

:

[terative
Solver

Iteration to ensure

convergence, n

X_ol(t+dt)

Outer Loop

Plant
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Blocks: Numerical Solver

Many Thermodynamic models are partially defined and require a solver to

ensure model conservation (e.g., mass, energy, etc.).
In many gas turbine simulations, component flow will typically be solved by an

independent solver.

T-MATS contains solvers that perform in two main steps:
— Automated Jacobian (system gradient) Calculation

oh . Oh]
0x4 0xXp
J=|:
Ofm ... 9fm
| 0x1 0xp

« Each plant input is perturbed to find the effect on each plant output.
— Newton-Raphson method is used to “converge” the system.

fx(n)

x(n+1)=x(n) — m where, flx(n) =]
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T-MATS contains component blocks necessary for

Blocks: Turbo-machinery

creation of turbo-machinery systems

— Models based on common industry practices

Energy balance modeling approach

R-line compressor maps in Compressor model
Pressure Ratio maps in Turbine model

Single fuel assumption

Flow errors generated by comparing component
calculated flow with component input flow

— Includes blocks such as; compressor, turbine,

nozzle, flow splitter, and valves among others.

— Built with S-functions, utilizing compiled MEX
functions

) CoolingFlwCharln GasPthCharOut >
) GasPthCharln NErr [
3 PRIn TrqOut [y
) Nmech T _Data >
Turbine
CustBldsCharOut [
Y GasPthCharln
FBIdsCharOut [
GasPthCharOut [»
Rline
> NErr >
TrgOut >
) Nmech
C_Data >

Compressor
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« T-MATS contains component blocks designed for fast

Blocks: Controls

control systems creation

— Sensors:

— Actuators:

— PI controllers:

) actual Sens >
1st order Sensor
Y Command Actual [

1st order Actuator

) Input_sensed

) Input_dmd

Effector Demand

Simple P

| controller
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Blocks: Settings

 The T-MATS Simulation System is a highly tunable and flexible framework for

Thermodynamic modeling.

— T-MATS block Function Block Parameters
» fast table and variable updates

— Open source code

« flexibility in component composition, as
equations can be updated to meet system
design

— MATLAB/Simulink development
environment

 user-friendly, powerful, and versatile
operation platform for model design

Function Block Parameters: Compressor @
T-MATS: Compressor Library Block {(mask) (link)

This block simulates the performance of a compressor using basic
thermodynamic equations, properties, and table lookups.

C-Map | Bleeds | Stall Margin | iDesign |

Y_C_NcVec_M - Compressor Map Corrected Speed Vector (Y-axis)
[0.500 0.900 1.050]

¥_C_RlineVec_M - Compressor Map Rline Vector (%-axis)

[1.000 3.000 ]

T_C_Map_WcArray_M - Compressor Map Flow Array (Wc = f(Nc, Rline))
[0o;00;00]

T_C_Map_PRArray_M - Compressor Map Pressure Ratio Array (PR = f(Nc, Rline))
[0o;00;00]

T_C_Map_EffArray_M - Compressor Map Efficiency Array (Eff = f(Nc, Rline)
[0o;00;00]

s_C_MNc_M - Corrected Speed Scalar Constant (C_Nc)

0.0001

s_C_Wc_M - Flow Scalar Constant (C_Wc)
0.4953

s_C_PR_M - Pressure Ratio Scalar Constant (C_PR)
0.8636

s_C_FEff_M - Efficiency Scalar Constant (C_Eff)
0.9977

0K H Cancel H Help ] Apply
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Dynamic Gas Turbine Example:
Objective System

Fuel in

Airin | Burner

- Turbine = Nozzle

4 Compressor |

Simple Turbojet

Thrust
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Dynamic Gas Turbine Example:
Creating the Inner Loop

- N
Outer Loop Vit Outputs
Effectors Inner Loop :
Plant fix{n])
Iter:Fipn Iterations
Condition _ DD WhI|E
Simulink Block
lterative
Xi(n+1) Solver

Iteration to ensure convergence, n

X_olt+dt) Outer Loop
Plant

Iteration over time, t
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Dynamic Gas Turbine Example:
Inner Loop Plant

Turbine

Nozzle

C ustEisC nan0 ut

FBitisT hand wt

5 asPIC harin

T_Daa

GasPin harin

wd o

FII

omlofE]

Turoinz

C_Dass

Compnessar

Compressor

| Tor que T
Nmeh

Shafi

‘ Turbojet plant model architecture made simple by T-MATS vectored I/O and block labeling
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Dynamic Gas Turbine Example:
Creating the Solver

Outer Loop

Effectors

\ |teration to ensure

Convergence, n

X ol(t+dt)

Outer Loop
Plant

Iteration over time, t

Wit Outp}lts
Inner Loop |

Plant o)
ITEFETiPﬂ |terations \
) DoWhile ||

Simulink Block
lterative |=—
X i(n+1) Solver

ay
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Dynamic Gas Turbine Example:
Solver

/ Simulink While Iterator block

do |

[

Twhile

Inner Loop Plant

Whils Rerator / from previous slide

| fara e ool ool

w

Plani_in

Plart_ O e 1
Flam_Cut

w
(T

w
>
w

Yl

e L oop Plant
Reriive NR Sokerw JacooEnCak
< PsmEror s

Iterative Solver

Plant flow errors driven to zero by iterative solver block in parallel with While Iterator
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Dynamic Gas Turbine Example:
Creating the Outer Loop

Outer Loop y(t) Outputs
Effectors Inner Loop
Plant fix(n))
Iterz;t.ign Iterations
Con |t|on5 Do Wh|Ie
Simulink Block

X_il(n+1) Iterative Solver

T-MATS Block |
Iteration to ensure convergence, n

X_ol(t+dt) Outer Loop
Plant

Iteration over time, t
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Environmental
conditions

Dynamic Gas Turbine Example:

I

Model_|nput F——-r7 -
C‘:‘? - Alfituds
Model Source, Alt
Modal_|nput f———-r7-
f_‘,','-? - Cr
W

Simple Control
System

/ Model Source,

Outer Loop Plant

OuerLoopE Sectors

Plant In  do{..}whie Plant_Out ..!

Shaft speed integration

/

lterativeSoher and InnerLoopPlant

&

Bl v

'I <FhntOutputs

X

h-.!

Nmech 'i

Oter Loop integrator

Shaft integrator and other Outer Loop effectors added to create full system simulation
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Verification and Release

« Verification was performed by matching T-MATS

simulation data with other established simulations.

— Models chosen for verification
« NPSS steady-state turbojet model
« C-MAPSS - High bypass turbofan engine model

— In all cases differences in simulation performance were
within acceptable limits.

« EXxpected Release: Q4,2013 or Q1,2014.

— Pre-built examples will include:
« Newton-Raphson equation solver
« Steady state turbojet simulation
« Dynamic turbojet simulation
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Conclusions

 T-MATS offers a comprehensive
thermodynamic simulation system

— Thermodynamic system modeling framework
— Automated system “convergence”

— Advanced turbo-machinery modeling capability
— Fast controller creation block set
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Future Work

* Increase thermodynamic modeling capability

— Introduce Cantera to T-MATS
« “Cantera is a suite of object-oriented software tools for problems
iInvolving chemical kinetics, thermodynamics, and/or transport
processes”
« Open source
* Increases thermodynamic modeling capability to include:
— Non-fuel specific gas turbine modeling
— Fuel cells
— Combustion
— Chemical Equilibriums

O+CH®H+CO
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